A 2500-particle molecular-dynamics simulation has been carried out for a two-dimensional continuum model whose classical ground state is a crystal with square symmetry. The interaction potential comprises two-body and three-body contributions. Evidence from both heating and cooling sequences indicates that the crystal-liquid transition is a conventional first-order phase change. Inherent structures (potential-energy minima) have been constructed for the homogeneous liquid over a wide temperature range, for the crystal-liquid coexistence state, and for a defective crystalline state. Liquid-phase inherent structures display a vivid polycrystalline character that is strongly obscured by equilibrium thermal motions. PACS number(s): 05.90.+m, 61.20.Ja, 64.70.Dv 
I. INTRODUCTION
Under the inAuence of simple interparticle interactions, the natural structure for crystalline order in two dimensions is the close-packed triangular array. This is attained experimentally, for example, by electrons on a liquid-helium surface [1] , by adsorbed noble-gas atoms floating over an incommensurate substrate [2] , and by dense colloidal suspensions confined between parallel glass plates [3] . Theoretical and simulational modeling provide more cases: rigid disks [4] , Gaussian cores [5] , and Lennard-Jones particles [6] all crystallize in the close-packed triangular pattern in two dimensions.
To attain a comprehensive view of two-dimensional melting phenomena, it is important to examine alternative crystal structures. This paper focuses on the squarecrystal case, wherein each particle is symmetrically surrounded by four nearest neighbors (in contrast to six for the close-packed structure). Square arrays have been observed for membrane-spanning bacterial toxin proteins [7] and as planar projections of ordered layers for colloidal suspensions under carefully controlled conditions [8] . They have occasionally been reported to occur as well in simulations of particles with internal degrees of freedom [9, 10] . It might also be mentioned in passing that the square crystal provides a two-dimensional analog for the open four-coordinate diamond lattice in three dimensions [11] ;alternatively it is analogous to the simple cubic structure observed for the element polonium [12] .
Section II describes our model. The points plotted in Fig. 2 represent a composite of data from both heating and cooling sequences.
The most striking feature conveyed by Fig. 2 than that value at our upper limit of observation
Even though a conventional first-order melting transition appears to be present, three reasons exist why the steeply rising coexistence segment of the curve in Fig. 2 is not strictly vertical. First, our system size (2500 particles) is very small by conventional macroscopic standards. Second, the rate of passage through the transition is not infinitesimal, so slow relaxation processes might lag the thermal control program. Third, the density, rather than pressure, has been held fixed, so that if there were a density change on melting at constant pressure, thermodynamics demonstrates that a melting temperature inter- Even at the highest temperatures examined the particle pair-correlation functions display the system's preference for local coordination in the square motif. The shortrange order revealed in the first few peaks and valleys appears to be rather di6'erent from what is seen in simulations for two-dimensional models with triangular crystalline phases [5, 19] . The solution connecting the initial configuration to an inherent structure describes a steepest-descent pathway on the @ hypersurface, and the set of initial configurations mapping onto a given inherent structure defines the "basin of attraction" for that inherent structure.
IV. INHERENT STRUCTURES
System configurations generated in the low-temperature initial stages of our square-model simulation consist of phonon-distorted, but otherwise perfect, crystal arrangements of the particles. Steepest-descent mapping [13, 20] . Figure 7 shows the particle configuration, in the nearest-neighbor (Voronoi) polygon representation, at the end of our highest-temperature liquid run. This is the T =1.790 state for which Fig. 6 presented the paircorrelation function. Its random-froth appearance is typical for the liquid phase of our square model. Figure 8 exhibits the corresponding inherent structure, obtained by approximating the solution to Eq. (4. 1) by repeatedly setting particle momenta to zero at closely spaced but irregular intervals to avoid the "phonon echo" phenomenon [21] . The change in texture from Fig. 7 to Fig. 8 is both dramatic and revealing: inherent structures underlying at least the hot liquid exhibit a distinctly polycrystalline character.
The particle pair-correlation function has been evaluated for the inherent structure shown in Fig. 8 ; it appears in Fig. 9 . Although only a single system configuration is involved, it seems from our other calculations to be quite representative.
Comparison of Fig. 9 with Fig. 6 shows the remarkable enhancement of short-range order that results from removal of intrabasin vibrational distortion.
This falls in line with similar observations about inherent structures on a wide variety of model substances [20, 22] . The principal peaks in Fig. 9 , as expected, correlate with the successive coordination shells of the square crystal.
But additionally one observes peak broadening due to frozen-in strains and extra weak features due to the presence of defects.
We have found that inherent structures and their paircorrelation functions produced from other stable liquid 10 12 FIG [20, 22] . 
V. CONCLUSIONS
By combining two-and three-particle interactions, it has been possible to create a two-dimensional model whose classical ground state (at zero pressure) is a regular square lattice. Molecular-dynamics simulation has been carried out for this model, with 2500 particles subject to periodic boundary conditions and constant system area. A consistent conclusion from both heating and cooling sequences, with spontaneous melting and freezing events, is that the square lattice remains the only stable crystal pears near the right-hand side of Fig. 13, slightly closer to the top than to the bottom. After circumscribing this defect with a rectangular boundary of nearest-neighbor cells in the surrounding crystal, and then counting cells within that boundary, one finds that three excess particles have clustered together to form this defect. This is evidence for a strong binding tendency for interstitials embedded in the square crystal.
The "tri-interstitial" represents a local structural collapse, producing a high-density region. It must be compensated by one or more low-density regions. Examination of Fig. 13 in fact reveals that three monovacancies are present. One appears near the vacancy position of Fig. 11 , a second (bound to a rotated particle quadruplet) is almost directly above, and the third is at about the same level as the second but split left and right by the periodic boundary conditions. The only other defect structure is an isolated case of a rotated particle quadruplet, fragmented in the view shown between lower left and lower right corners. %'e believe that these 45'-rotated quadruplets are the square model's lowest energy structural excitations above the crystalline ground state. Table I shows the values of N, the system potential energy, for six inherent structures. These include the perfect crystal, the defective rotated crystal depicted in Fig.  13 , the coexistence state (Fig. 11) [15 -18] and in the present circumstance presumably would lead to a "quadratic" phase with fourfold bond orientational order, analogous to the more conventionally discussed "hexatic" order. Nevertheless it remains possible that by changing the system density and/or varying the coupling constant A, for the three-particle interactions in our model that two-stage melting of the KTHNY type might be produced. In any case it is important to note that KTHNY theory requires extension to cover the present case, since square crystals have three independent elastic constants, compared to two for triangular crystals.
The polycrystalline character of the inherent structures underlying the liquid phase for our model is not without precedent. Udink [24] has produced analogous textures for the liquid-phase inherent structures of the twodimensional Lennard-Jones system. Furthermore it is known that in the n~~limit for pair interactions (o. /r; )" that inherent structures correspond to rigid sphere (D =3) or disk (D =2) packings [25] and that random disk packings have a polycrystalline character [26, 27] . This leads one to suspect that a similar situation would obtain in the case of honeycomb-lattice systems; our three-particle interaction could be modified to stabilize this threefold coordination geometry and then could be simulated as described above. 
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